Model analyses
Based on a cuboctahedral model with onion-like concentric atomic layers for Pd nanoparticle, 1 the number of total Pd atoms (NTotal Pd), the number of surface Pd atoms (NSurface Pd), and the number of F-, T-, E-and V-sites (denoted as NF, NT, NE and NV, respectively) as a function of the number of layers of atoms around the central atom (ν) can be calculated by the following expressions:
N Total Pd (ν) = 10 ν 3 3 + 5ν 2 + 11 ν 3 + 1
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We note that і) the NSurface Pd(ν) is equal to the difference of NTotal Pd(ν) and NTotal Pd(ν-1); ii) the sum number of all sites (NAll sites), i.e., NF (ν)+NT(ν)+NE(ν)+NV(ν), is equal to the NSurface Pd(ν). Further, the NSurface Pd/NTotal Pd and N(F+T) sites/NAll sites as a function of ν can be calculated easily.
The Pd particle size (D, nm) as a function of the number of layers of atoms around the central atom (ν) can be expressed as:
is the diameter of the circumscribed sphere of the cuboctahedral Pd with ν layers, and do(ν) is the diameter of the sphere that can be encapsulated by the cuboctahedral Pd with ν layers, respectively. The di(ν) and do(ν) can be given by:
, VUnit cell is the unit-cell volume of face-centered cubic Pd The NTotal Pd and D as a function of ν from 0 to 21 are tabulated in Table S1 .
For the PtML/Pd nanoparticle prepared by UPD and galvanic replacement technique with the Cu UPD occurring on all surface sites, and on the F-and T-sites only, respectively, the Pt coverage (θ) on the cuboctahedral Pd equals the numeric ratio of the number of Pt atoms (NPt),
i.e., the number of specific sites, NAll sites or NF+T sites, to the number of surface Pd atoms with the layer of (ν+1) for a full covering on the Pd cuboctahedron with ν layers.
And the Pt/Pd atomic ratio equaled the numeric ratio of 
The initial PtML/Pd particle size can be calculated by the same method for Pd case. But the
, where, only the unit-cell volume of Pd is used because the epitaxial Pt lattice is same with the lattice of Pd substrate. Further, the initial PtML/Pd surface area (S) as a function of ν can be expressed as:
is the surface area of the circumscribed sphere of initial PtML/Pd particle derived from the cuboctahedral Pd with ν layers, and So(Pt-ML/Pd)(ν) is the surface area of the sphere that can be encapsulated by the initial PtML/Pd particle derived from the cuboctahedral Pd with ν layers, respectively. The Si(Pt-ML/Pd)(ν) and So(Pt-ML/Pd)(ν) can be expressed as:
Where, di(Pt-ML/Pd)(ν) and do(Pt-ML/Pd)(ν) are the diameters of the circumscribed-and encapsulated-sphere of initial PtML/Pd particle derived from the cuboctahedral Pd with ν layers, respectively.
For the full-covered PtML/Pd nanoparticle, assuming that the number of Pt atoms, NPt, is constant during self-healing, the NPt for two cases of Cu UPD is known as follows:
According to the NPt we have known, assuming that all Pt atoms locate on the top surface (outmost layer) of the full-covered PtML/Pd particle, the total number of atomic layers, ν´, can be expressed by:
Furthermore, the number of the total Pt and Pd atoms, N(Pt+Pd), can be calculated based on S4 the model of the close-packed cuboctahedron for full-covered PtML/Pd
Therefore, the number of undissolved Pd atoms, Nundissolved Pd, and Pt/Pd atomic ratio for fullcovered PtML/Pd particle can be calculated by the following expressions: Here, we need to mention that the ν´, N(Pt+Pd) and Nundissolved Pd are not restricted to be integer.
The full-covered PtML/Pd particle size and surface area can be calculated by the same expressions for initial PtML/Pd case according to the value of the N (Pt+Pd) (ν´). Considering the daily fluctuations of noble metal prices, the calculation of dollar activity of PtML/Pd/C catalyst is made based on the average prices of Pt and Pd over the past ten years in order to more objectively evaluate its cost-effectiveness. As shown in Figure S3 , the 10-year PtML/Pd/C after 20k cycles; (v) PtML/Pd/C after 30k cycles; (vi) PtML/Pd/C after 70k cycles; (vii) PtML/Pd/C after 100k cycles. The blue curves and green curves belong to the metallic state and the oxidation state, respectively. The red curve was the superposition of blue curve and green curve. The Pd/(Pd+Pt) atomic ratio calculated by the corresponding peak areas and sensitivity factors were shown in Table S1 .
Supplementary figures
As shown in Figure S9a , there was obviously a pair of peaks of oxidation state in Pd3d XPS spectra of both E-TEK Pd/C and initial PtML/Pd/C. However, no peak of oxidation state can be observed in the Pd3d XPS spectra of PtML/Pd/C after 20k to 100k cycles. This indicates that the exposed Pd atoms were totally dissolved out during initial 20k-cycle; Hereafter, the rest of Pd atoms were effectively protected by Pt. The higher ratio of metallic state and oxidation state (M/O) of Pt for PtML/Pd/C than that for E-TEK Pt/C indicated that the bond of oxygenated species to PtML surface is weaker (Table S2) . The results about the peak positions of binding energies of Pd3d electron and Pt4f electron would not be further discussed at moment due to that it is beyond the aim of this study. 
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